Asymmetric cell divisions allow stem cells to balance proliferation and differentiation. During embryogenesis, murine epidermis expands rapidly from a single layer of unspecified basal layer progenitors to a stratified, differentiated epithelium. Morphogenesis involves perpendicular (asymmetric) divisions and the spindle orientation protein LGN, but little is known about how the apical localization of LGN is regulated. Here, we combine conventional genetics and lentiviral-mediated in vivo RNAi to explore the functions of the LGN-interacting proteins Par3, mInsc and Gα i3 . Whereas loss of each gene alone leads to randomized division angles, combined loss of Gnai3 and mInsc causes a phenotype of mostly planar divisions, akin to loss of LGN. These findings lend experimental support for the hitherto untested model that Par3-mInsc and Gα i3 act cooperatively to polarize LGN and promote perpendicular divisions. Finally, we uncover a developmental switch between delamination-driven early stratification and spindleorientation-dependent differentiation that occurs around E15, revealing a two-step mechanism underlying epidermal maturation.
Asymmetric cell divisions allow stem cells to balance proliferation and differentiation. During embryogenesis, murine epidermis expands rapidly from a single layer of unspecified basal layer progenitors to a stratified, differentiated epithelium. Morphogenesis involves perpendicular (asymmetric) divisions and the spindle orientation protein LGN, but little is known about how the apical localization of LGN is regulated. Here, we combine conventional genetics and lentiviral-mediated in vivo RNAi to explore the functions of the LGN-interacting proteins Par3, mInsc and Gα i3 . Whereas loss of each gene alone leads to randomized division angles, combined loss of Gnai3 and mInsc causes a phenotype of mostly planar divisions, akin to loss of LGN. These findings lend experimental support for the hitherto untested model that Par3-mInsc and Gα i3 act cooperatively to polarize LGN and promote perpendicular divisions. Finally, we uncover a developmental switch between delamination-driven early stratification and spindleorientation-dependent differentiation that occurs around E15, revealing a two-step mechanism underlying epidermal maturation.
Between embryonic day 13.5 (E13.5) and E17.5 of murine epidermal development, a single layer of basal progenitors develops into a stratified, differentiated epithelium. Increasing evidence suggests that cell division orientation is essential for establishing this proper tissue architecture [1] [2] [3] . However, the molecular mechanisms governing spindle positioning in skin and other tissues are still unfolding 4 . In Caenorhabditis elegans zygotes and Drosophila melanogaster neuroblasts, a group of cortical proteins polarize in such a way that the mitotic spindle aligns along a precise axis [5] [6] [7] . This frequently results in an asymmetric cell division (ACD), where cell fate determinants are unequally distributed between daughter cells. Mutations that perturb this balance can affect not only normal development and growth, but also result in overgrowth associated with cancers [8] [9] [10] . In many epithelia, cell polarity and spindle orientation are inextricably linked. The PDZ scaffold protein Par3 (Baz in Drosophila) is enriched at the apical cell cortex, and associates with another scaffolding protein, Par6, and atypical protein kinase C (aPKC), whose substrates have been linked to segregation of cell fate determinants 11 . Baz can also interact with the adapter protein Inscuteable (mInsc in mammals), which binds directly to Pins (partner of Inscuteable), homologue of vertebrate LGN/Gpsm2 and AGS3/Gpsm1. In turn, Pins can bind membrane-anchored GDP-bound heterotrimeric G proteins (Gα i and/or Gα o ) through carboxy-terminal GoLoco motifs, and the microtubule-binding protein Mud (NuMA in vertebrates) through amino-terminal TPR repeats. NuMA/Mud, in connection with the motor protein dynactin, generates pulling forces on astral microtubules that reorient the mitotic spindle 2, 6, 9, 12 . Recent evidence, however, suggests that LGN cannot simultaneously bind both mInsc and NuMA [13] [14] [15] [16] . Thus, how apical localization of LGN is controlled in vivo by upstream regulators such as mInsc-Par3 and G proteins remains poorly understood, particularly for mammalian systems.
Using a combination of traditional genetics and in vivo RNAmediated interference (RNAi), we examine the consequences of removing mInsc, Pard3 (Par3) and Gnai3 (Gα i3 ) function in developing epidermis. Rather than causing a shift to planar (symmetric) divisions as when LGN or Numa1 are knocked down, division orientation is randomized following mInsc, Pard3 or Gnai3 loss. We identify one of three mammalian Gα i homologues, Gα i3 , as pivotal for promoting apical localization of LGN, non-planar divisions and epidermal differentiation. Moreover, combined loss of mInsc and Gnai3 leads to a phenotype resembling LGN loss unveiling their cooperativity in promoting perpendicular divisions. Finally, we show that early stratification does not require the spindle orientation machinery, instead relying more extensively on differentiation through delamination of basal cells. These studies thus reveal how delamination and oriented cell divisions play distinct roles in promoting epithelial differentiation at different developmental stages.
LGN crescent localization 
RESULTS
LGN expression correlates with division orientation but is developmentally restricted
LGN and its downstream effector NuMA couple cortical polarity cues to changes in the microtubule cytoskeleton that reorient the mitotic spindle and promote perpendicular divisions. When either of these genes are knocked down in developing epidermis, most divisions occur with a planar orientation, rather than the normal 'bimodal' distribution of ∼60% perpendicular and ∼40% planar 17 . Although LGN localizes to the apical cortex of mitotic epidermal progenitors undergoing a perpendicular division, in neural progenitors, LGN localizes laterally and promotes planar divisions [18] [19] [20] . This suggests that LGN might be differentially localized in perpendicular versus planar divisions.
We used the cleavage furrow marker survivin to identify latestage mitotic cells and unambiguously characterize epidermal division angles (Fig. 1a) . In perpendicular divisions with a division angle >45
• relative to the basement membrane, LGN was nearly always enriched over the more apical daughter (Fig. 1a,b) . Apical LGN was observed in 78% of cells at telophase (n = 51), similar to what has been reported at earlier stages of mitosis 17, 21 . These are likely to be asymmetric divisions, as supported by genetic lineage tracing 4, 22 .
Conversely, in planar divisions (<45
• ), LGN was not detected in most cells (64%, n = 77). These data reveal that LGN is generally apical in perpendicular divisions, and unpolarized (absent or evenly distributed) in planar divisions.
We next investigated whether apical LGN correlates with stratification onset at ∼E13. 5 . Surprisingly, LGN was rarely detected in phospho-histone-H3 (pHH3 + ) mitotic basal cells before E14.5, when <25% of cells examined (n = 121) exhibited polarized LGN (Fig. 1c,d ). Although early LGN-positive cells exhibited variable LGN orientation, apical bias became more pronounced by E16.5 (Fig. 1e) . Thus, stratification precedes the ability of basal cells to polarize LGN.
In agreement with previous reports 2, 17, [21] [22] [23] , most divisions at E12.5 occurred parallel to the basement membrane, whereas at E16.5 and later, they were largely bimodal (Fig. 1f,g ). However, careful inspection of divisions between E13.5 and E15.5 revealed a high incidence of oblique angles, which had previously been unrecognized. Note that two-cell clones with one suprabasal K10 + cell and a basal K5 + cell represent the product of an ACD, whereas two-cell clones with 2 K5 + basal cells represent an SCD. Single K10 + cells in the first spinous layer represent the likely product of a basal cell delamination. (g) Quantification of clone types observed at E15.5 and E16.5. Delamination events predominate at E15.5 and diminish by E16.5. Among mitotic clones, SCDs outnumber ACDs at E15.5 although the converse is true at E16.5, consistent with analyses of division orientation at these ages. See Supplementary Table 2 for statistical analyses. n indicates number of clones scored from >5 animals from 3 separate litters per age. Scale bars, 10 µm. P values in b,c determined by two-tailed Student's t-tests. Error bars in b,c represent the s.d.
Statistical analyses revealed that the most significant change in division angle distribution occurred between E15.5 and E16.5 (MannWhitney test, P = 0.0002; Supplementary Table 1 for chi-square P values related to this figure and all other division orientation data). Importantly, this shift from 'randomized' to 'bimodal' division orientations coincides with the timing when LGN becomes efficiently apically polarized, highlighting E15.5 as a critical transition period in epidermal maturation.
Early stratification relies on delamination rather than oriented cell divisions
In vitro studies suggested that differentiation can occur by 'delamination' , whereby basal keratinocytes co-expressing suprabasal markers detach from their underlying substratum 24 . However, evidence that delamination occurs in vivo is lacking. As a first step, we investigated potential co-expression of basal (keratins 5 and 14; K5/K14) and suprabasal (keratins 1 and 10; K1/K10) markers, and found that at E13.5, sporadic basal cells indeed expressed both K10 and K5 ( Supplementary Fig. 1a ). The epidermis stratifies in a posterior → anterior gradient, and at E14.5 head skin remains a single layer, now almost completely K5 + /K10 + ( Supplementary Fig. 1b ). In addition, the hemidesmosome marker β4-integrin, required for efficient adherence to underlying basement membrane 25 , was diffusely distributed up until ∼E15.5, becoming basally polarized concomitant with keratin marker segregation ( Supplementary Fig. 1b,c) . These findings suggest that before epidermal maturation, basal cells may be less adhesive and prone to delamination.
Even at E15.5, occasional K10 + cells, also positive for K5 and β4-integrin, were observed with downward V-shaped protrusions into the basal layer ( Supplementary Fig. 1c and Fig. 1a) . Suggestive of active basement membrane detachment, such cells were observed at all ages of stratification examined, but were most abundant at E15.5 (Fig. 2b) . Intriguingly, fewer mitoses were observed at E15.5 than at E16.5, when asymmetric cell divisions become prevalent (Fig. 2c) 2, 17 . Next, we employed short-term lineage tracing using ultrasoundguided in utero delivery 26, 27 of a lentiviral tamoxifen-inducible CreER T2 to the amniotic fluid surrounding E9.5 Rosa26-confetti 28 reporter embryos. This allowed us to examine earlier time points than possible with transgenic K14::CreER T2 , and to more carefully discriminate neighbouring clones owing to the four unique fluorophores expressed by marked epidermal cells and their clonal progeny. Small (1-3 cell), sporadic clones (<1% of epidermis) were induced by administering tamoxifen to pregnant females at either E13.5 or E14.5, and embryos were collected 48 h later (Fig. 2d) . Reasoning that clone size and position reflected past behaviour (Fig. 2e) , K5
+ basal 2-cell clones were interpreted to reflect a symmetric cell division (SCD), whereas clones with one K5 + basal and one K10
+ suprabasal cell suggested an ACD (Fig. 2f) . At E15.5, SCDs outnumbered ACDs by a ratio of ∼4:3, shifting to ACDs over SCDs (∼5:3) at E16.5 ( Fig. 2g and Supplementary Table 2 ). In agreement 
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Control Control EYFP-mInsc EYFP-mInsc LGN localization when present. n = 36 cells for control, n = 45 for EYFPmInsc from 4 to 5 independent animals. Box boundaries indicate the 25% and 75% quartiles, the middle bar the median, and the plus symbol the mean. (d,e) Radial histograms of division orientation at E15.5 (d) and E17.5 (e). At E15.5, division angles are essentially randomized in controls (Scramble shRNA), as in wild-type embryos (Fig. 1f) . Neither knockdown of LGN nor overexpression of EYFP-mInsc has any effect at E15.5. However, strong division reorientation phenotypes are observed at E17.5, with EYFPmInsc promoting perpendicular divisions and loss of LGN inducing planar divisions. Chi-square P values can be found in Supplementary Table 1 . n indicates cells from 4 to 6 independent animals. (f) Ectopic expression of EYFP-mInsc (green) does not accelerate differentiation at early ages. The differentiation marker Keratin 1 (K1, red) is expressed at low levels at E13.5 (left), and by E15.5 (right), K1 becomes restricted to spinous layer cells, while K14 (blue) marks basal cells. Epidermal thickness is indicated by the double arrow. (g) Quantification of spinous (K10 + ) layer thickness in skin transduced with EYFP-mInsc, normalized to age-matched littermates. There is no statistically significant difference between EYFPmInsc and controls at E15.5, whereas at E17.5, EYFP-mInsc promotes spinous thickening. n indicates sections analysed from >3 animals per age. (h) Quantification of spinous layer thickness at E15.5, normalized to littermates. Knockdown of LGN, Numa1 or the LGN homologue AGS3/Gpsm1 does not affect early stratification. n indicates sections analysed from n ≥ 4 embryos for knockdown and littermate controls. Scale bars, 10 µm (a), 50 µm (f). Error bars (g,h): s.d. P values determined by Mann-Whitney nonparametric test in c and two-tailed Student's t-tests in g,h; * * * P < 0.0001; NS, not significant. with a previous report 22 , a number of 3-cell clones consisted of two basal and one suprabasal cell, confirming that individual basal cells can divide both symmetrically and asymmetrically (Supplementary Table 2 ). More importantly, at both ages, single-labelled K10 + suprabasal cells were seen directly above unmarked basal cells, suggesting that they had delaminated and differentiated without division. As discussed in the Methods, it is unlikely that these cells were already suprabasal at the time they were marked. Moreover, although these single cell clones comprised the majority at E15.5 (76/140, ∼54%), they were significantly less abundant at E16.5 (24/63, ∼38%, P = 0.0137 by chi-square test). Together, these data support the notion that early stages of stratification (up to ∼E15.5) are driven by delamination, whereas later stages increasingly rely on ACDs.
Spindle orientation genes are dispensable during early stages of stratification As expression of the direct binding partner of LGN, mInsc, is developmentally regulated and increases as stratification progresses 22 , we reasoned that the inability of LGN to polarize efficiently before E15.5 might be due to insufficient mInsc. Therefore, we used lentivirus to induce precocious mInsc expression. Validating its functionality, apical EYFP-mInsc co-localized with LGN at E16.5-E17.5. However, at E15.5, neither EYFP-mInsc nor LGN polarized efficiently, exhibiting diffuse crescents (Fig. 3a,b) , although when LGN did polarize, EYFP-mInsc significantly enhanced its apical localization (Fig. 3c) . Moreover, although it did not affect division angle orientation at E15.5 cells, EYFP-mInsc accentuated perpendicular divisions at E17.5 ( Fig. 3d,e) . Finally, although EYFP-mInsc enhanced differentiation at E17.5, it could not at E13.5 or E15.5 ( Fig. 3f,g ). Thus, at E15.5, when delamination provides the driving force for stratification, epidermis seems refractory to the spindle-reorienting activity of mInsc.
To further explore how spindle orientation machinery contributes to early stratification, we investigated the roles of LGN, NuMA and Notch signalling, which are critical mediators of differentiation at E16. 5 (ref. 17) . Interestingly, although LGN loss compromised nonplanar spindle orientations at E17.5, it had no effect at E15.5 ( Fig. 3d,e) .
LGN perdurance is unlikely, because immunoblots from sorted cells confirmed efficient knockdown by E15. 5 (ref. 17) . Early spinous differentiation was also unaffected by LGN or Numa1 loss ( Fig. 3h and Supplementary Fig. 2c ). Moreover, the LGN homologue AGS3 did not seem to function as a surrogate to promote early perpendicular divisions, because spinous differentiation was unaltered following AGS3 knockdown (Fig. 3h) .
Notch signalling functions downstream of spindle orientation in many systems, including skin 17, [29] [30] [31] . Using a Notch reporter lentivirus 17 , we noted that Notch activity was barely detectable in differentiating K10
+ suprabasal cells at E15.5, whereas at E17.5 suprabasal Notch activity was high ( Supplementary Fig. 2a,b) . At E17.5, ∼30% of suprabasal cells were Notch + , compared with only ∼5% of basal cells, mostly concentrated in nascent hair follicles. This contrasts with E15.5, where only 5-6% of cells were GFP + , and there was no suprabasal bias.
The RBPJ transcription factor functions with Notch intracellular cleaved domain (NICD) in canonical Notch target expression in epidermis 32 . We created skin-conditional RBPJ mutants using lentiviral Cre-mRFP1 (ref. 17) to directly examine whether initial spinous layers form independently of Notch. Spinous layers developed normally by E15.5 in LGN-1617 short hairpin RNA (shRNA) knockdowns and Rbpj knockouts ( Supplementary Fig. 2c ). However, although control (Scramble shRNA) epidermis continued to thicken thereafter, further differentiation was impaired following LGN or Rbpj targeting ( Supplementary Fig. 2d ). Thus, the same loss-and gain-offunction mutations that affect division orientation and stratification at E16.5 and beyond show little impact on earlier stages, pointing to E15.5 as a critical period when basal cells acquire a competency to use the spindle orientation machinery to promote differentiation.
LGN and mInsc play distinct roles in spindle orientation
In many systems, including Drosophila neuroblasts and distal lung bud epithelium, Insc, Pins and their homologues play similar roles in spindle orientation 30, [33] [34] [35] . In others, such as murine neural progenitors, mInsc loss has opposite and more severe effects than LGN loss on spindle orientation and cell fate decisions 36 . Thus, we were surprised to find that conditional deletion of mInsc in epidermis using transgenic K14::Cre caused no overt abnormalities in either epidermal morphology or barrier function.
LGN could still form apical crescents in mInsc conditional knockout (cKO) animals (Fig. 4a, top left) , albeit with reduced efficiency, which may explain why loss of mInsc does not phenocopy LGN loss. However, aberrant LGN localization was evident in about half of the mitotic basal cells. In some instances, cortical recruitment of LGN failed; in others, LGN was cortical but either evenly distributed or polarized at abnormal locations (Fig. 4a,b) . Similar results were observed with a mInsc hairpin ( Fig. 4b and Supplementary Fig. 3 ). Following mInsc loss, a high proportion of crescents formed at oblique rather than apical orientations (Fig. 4c,d ). Abnormal LGN localization was even observed at telophase, resulting in a failure of LGN to segregate into the appropriate apical daughter (Fig. 4e) . These findings reveal some interesting differences between murine epidermis and Drosophila neuroblasts. Though Pins/LGN localization defects are more severe in insc mutant neuroblasts 33, 34 , paradoxically, apical complex localization defects are rescued in telophase fly insc mutants 6, 9 , but not in epidermis. On examining division orientation, we discovered that in contrast to mInsc fl/fl controls, mInsc-null or -knockdown basal cells exhibited many oblique division angles (Fig. 4f) . This increase in oblique divisions is highly significant (P < 0.0001 by chi-square test), and was observed throughout stratification, irrespective of whether transgenic K14::Cre or lentiviral Cre-mRFP1 was used. Thus, basal cells lacking mInsc behaved in many ways like immature (E14.5-E15.5) wildtype basal cells, underscoring the important role of mInsc in refining random divisions towards the mature bimodal pattern. However, mInsc is not necessary for perpendicular divisions to occur, and is sufficient only during peak stratification.
Loss of Pard3 phenocopies mInsc
In both Drosophila and mammalian cells including keratinocytes, Insc binds to Par3. Moreover, in fly neuroblasts, baz (Par3), pins (LGN) and insc (mInsc) mutants exhibit similar phenotypes of abnormal spindle orientation and mislocalized apical and basal polarity components 2, 16, 33, 34, 37, 38 . In mammalian simple epithelia, Par3 is an important regulator of apicobasal polarity, as demonstrated in three-dimensional Madin-Darby canine kidney (MDCK) cell cultures, where Par3 knockdown causes defective lumen formation and spindle orientation 39 . That said, a germline knockout of Pard3, although embryonic lethal owing to epicardial defects, shows normal epithelial architecture in most tissues examined, including stratified epithelia 40 . Given these findings on Par3 and our own with mInsc, we wondered whether loss of Pard3 might cause alterations in spindle orientations and epidermal differentiation in vivo that could have been overlooked previously.
Par3 is enriched apically in basal epidermal cells 2 , whether in interphase or mitosis (Fig. 5a,g ). To assess the consequences of Pard3-deficiency on epidermal development, we generated lentiviral CremRFP1 Pard3 cKOs as well as three independent knockdown lines. Immunofluorescence microscopy of skin sections from both cKO and knockdown embryos revealed that Par3 was selectively lost in transduced regions ( Supplementary Fig. 3c,d ). As with mInsc cKOs, Pard3-depleted epidermis exhibited LGN localization defects and increased frequency of oblique division angles (Fig. 5b-d) .
Humans and mice have a second Par3 gene, termed PAR3L or Pard3b (refs 41, 42) . To test for possible compensation, we generated a double mutant (Pard3 cKO/Pard3b knockdown (KD)), by transducing Par3 fl/fl embryos with a lentivirus harbouring both Cre-mRFP1 and Pard3b-2517 shRNA, which reduced Pard3b messenger RNA levels by >99%. As in Pard3 cKO epidermis, LGN localization was frequently abnormal in the double mutant; however, Pard3b-deficiency did not significantly exacerbate the Pard3 phenotype (Fig. 5e,f) . Moreover, Pard3b shRNA knockdown alone showed no division angle errors ) and few at oblique angles. When mInsc is deleted using either transgenic or lentiviral Cre, or knocked down by mInsc-1847 shRNA, division orientation becomes more randomized, with a higher proportion of oblique division angles. n indicates cells from 4 to 6 independent animals. Scale bars in a,e are 10 µm. P values were calculated by chi-square tests (b), or Mann-Whitney tests (c,d). Chi-square P-values related to (f) can be found in Supplementary Table 1 . In c,d each data point represents one cell; data collected from n > 4 independent animals. Box boundaries indicate the 25% and 75% quartiles, the middle bar the median, and the plus symbol the mean. (Fig. 5e ). These data argue against functions for Pard3b in controlling oriented epidermal divisions or acting redundantly with Pard3.
To test whether similarities in mInsc and Pard3 phenotypes reflected a critical role for Par3 in promoting apical localization of mInsc, we overexpressed EYFP-mInsc while knocking down Pard3. This strategy circumvented the hurdle we faced in identifying a suitable antibody for endogenous mInsc. Although EYFP-mInsc was effective in recruiting LGN to the apical cortex of wild-type (Scramble shRNA) E17.5 epidermis (Fig. 3a) , without Par3, neither EYFP-mInsc nor LGN showed efficient apical cortical recruitment (Fig. 5g and  Supplementary Table 3) . Moreover, LGN and mInsc co-localized in only 28% of pHH3 + mitotic cells lacking Par3, compared with 89% of controls. Finally, division orientation in Pard3 EYFP-mInsc basal cells mirrored that of Pard3 mutants (Fig. 5h) , demonstrating that mInsc requires Par3 to reorient spindles efficiently.
Loss of Gnai3 but not Gnai2 results in cell division defects and impaired differentiation
LGN interacts with mInsc and NuMA through its N-terminal TPR motifs, whereas its C-terminal GoLoco motifs bind heterotrimeric G proteins of the Gα i and Gα o family 15, 16, 43, 44 . Mutations in C. elegans Gα i homologues goa-1/gpa-16, or the single Drosophila homologue Gαi (G-iα65A) show spindle orientation defects resembling those of LGN homologue loss (gpr-1/2 or pins; refs 45-49). Although indirect evidence from mouse neural progenitors supports a role for Gβγ subunits 50 , functional studies on mammalian Gα i proteins are lacking to link these proteins to oriented cell divisions.
Although all three murine Gα i homologues are expressed in keratinocytes, only Gα i3 localized to the cell cortex in mitotic cells ( Fig. 5b and Supplementary Fig. 3f ). In vitro, lentiviruses targeting Gnai3 (test) or Gnai2 (control) achieved >97% knockdown of their messenger RNA targets (Supplementary Fig. 3c ). In vivo, Gnai3-479 shRNA achieved more complete knockdown than Gnai3-949 shRNA, which occasionally left some residual cortical Gα i3 ( Supplementary Fig. 3e,f) . In both Gnai3 knockdowns, LGN was frequently mislocalized, either failing to be recruited to the cortex, or forming weaker apical and/or ectopic crescents (Figs 6a,b and 7c,d) .
Division angles were unaffected by Gnai2 loss, but were altered in Gnai3 knockdowns (Fig. 6c,d) , with a median division angle of 30
• for Gnai3-479 shRNA (stronger hairpin) and 38
• for Gnai3-949 shRNA (weaker hairpin). The bias towards oblique and planar divisions was stronger for Gnai3 knockdowns than for Pard3 (median division angle = 48
• ) or mInsc cKOs (46 • ), but weaker than LGN knockdowns (19 • ). Although this might reflect a more important role for Gα i3 over mInsc in apical cortical recruitment of LGN, it may also in part be attributable to differences in the interaction stoichiometry (mInsc::LGN is 1:1, whereas Gα i -GDP::LGN is 4:1; ref. 13 ). Table 2 ). LGN (arrowheads) also frequently fails to co-localize with ectopic mInsc. Both Par3 and LGN are generally apically enriched in YFP − controls (bottom). (h) The ability of EYFPmInsc to promote perpendicular divisions (Fig. 2e) requires Pard3. Radial histograms of division orientation at E17.5 reveal that Pard3 1340 EYFPmInsc basal cells (top) show a similar propensity towards oblique divisions as Pard3 mutants (d). Scale bars, 20 µm in a, 10 µm in b,g. P values in were determined by Mann-Whitney test (c) or by chi-square (f). NS, not significant. Chi-square P values related to d,e,h can be found in Supplementary Table 1 . n values in d-f,h represent cells from 4 or more animals.
To probe the importance of the Gα i -LGN interaction further, we used an LGN mutant that lacks its C-terminal GoLoco motifs (LGN C), predicted to be incapable of binding Gα subunits. A genetic knock-in mouse engineered in this way showed spindle orientation defects in developing forebrain, similar to what was observed using LGN RNAi (ref. 19 ). We showed previously that this mutant was probably hypomorphic, as it can partially rescue differentiation defects caused by LGN knockdown 17 . Expression of LGN C in place of endogenous LGN resulted in a phenotype remarkably similar to Gnai3 knockdown, with many oblique and planar divisions, and a median division angle of 31
• (Fig. 6e) . These data underscore the importance of the interaction of Gα i3 with LGN for its proper apical localization.
Combined loss of Gnai3 and mInsc phenocopies LGN knockdown
Genetic data from Drosophila neuroblasts support a model whereby Gα i and Pins operate in one arm of the spindle orientation pathway and Insc and baz act in another 48, 49, 51 . Given these similar functions in Drosophila, it was surprising that in mammalian epidermis, Gnai3 loss produced a weaker phenotype than LGN loss. As our results with other Gα i proteins did not support redundancy, we turned to the LGN with a C-terminal deletion mutant lacking the Gα i -binding GoLoco motifs results in a division angle profile very similar to loss of Gα i3 , demonstrating that this interaction is critical for the apical cortical localization of LGN. n indicates cells analysed from 5 animals in 2 independent experiments. P values were calculated by chi-square (a), or Mann-Whitney tests (b). Chi-square P values related to c-e can be found in Supplementary Table 1. possibility that mInsc, which can also bind LGN at its N terminus, might act cooperatively with Gα i3 to polarize LGN. Examining Gα i3 expression in mInsc mutants, we found that in mitotic basal cells where LGN remained polarized, Gα i3 co-localized with LGN in 88% of cases (52/59 cells), even when LGN localized to ectopic sites (Fig. 7a) . As Gα i3 was capable of polarizing LGN independently of mInsc, we next created a double mutant of Gnai3 with mInsc by injecting mInsc fl/fl embryos with a lentivirus dually harbouring Gnai3-479 shRNA and Cre-mRFP1. As with K14::Cre mInsc cKOs (Fig. 4b) , the percentage of mitotic basal cells with unpolarized LGN increased in lenti-Cre mInsc cKOs (40%) compared with mInsc fl/fl littermates (20%, Fig. 7b ). The stronger Gnai3-479 shRNA hairpin increased this fraction further (60%), and in the double mutant, 86% of basal cells showed LGN localization errors. Examination of residual LGN crescent orientation (Fig. 7c) revealed weakening of apical bias in both mInsc and Gnai3 single mutants (mean orientation angle of 60
• and 59
• , respectively), whereas LGN was essentially randomized in the double mutant (mean orientation of 6
• ). In addition, nearly all divisions were planar in double mutants (median angle = 11
• ), akin to loss of LGN (median angle = 13 • , Fig. 7d ). In embryos co-infected with a mixture of mInsc-1847 shRNA H2B-YFP and Gnai3-479 shRNA H2B-RFP, doubly transduced cells (RFP + YFP + ) exhibited a phenotype similar to mInsc cKO; Gnai3 knockdown (Fig. 7e) .
Finally, we examined the impact of altering division orientation on spinous differentiation. As with LGN, Numa1 and AGS3 knockdowns, loss of mInsc, Gnai3 or both had no effect on K10 expression at E15.5, further arguing that the spindle orientation pathway is dispensable at this time (Fig. 7f) . At E17.5, mInsc cKOs showed a significant but mild decrease in spinous differentiation compared with mInsc fl/fl controls. Gnai3 knockdowns had a more severe defect, but there was the most profound deficit in double mutants (Fig. 7g,h ). These genetic data are consistent with mInsc and Gnai3 acting in parallel pathways that converge on LGN. In further support of LGN being epistatic to mInsc, the double mutant phenocopies loss of LGN alone. Although LGN knockdown embryos showed further thinning of spinous layers compared with mInsc; Gnai3 mutants, this could be explained by residual cortical LGN expression (Fig. 7b) and/or a compensatory increase in perpendicular divisions in RFP − cells within these mosaic embryos (Fig. 7d ). It is also formally possible that an additional pathway could converge on LGN involving another protein other than mInsc or Par3.
DISCUSSION
A two-step mechanism for epidermal stratification and differentiation Our studies provide several insights into how oriented cell divisions function in mammalian stratified epithelial development. First, we show that vertical divisions are quite rare at early stages of epidermal stratification (E14.5-E15.5). Surprisingly, none of the classical spindle orientation genes is required for establishing the first spinous layers, which instead rely on delamination to promote differentiation. We unearth the existence of a subsequent discrete step in epidermal maturation that involves competency of basal cells to polarize mInsc and LGN, undergo perpendicular divisions and execute Notch signalling. * * * * * * * * * * * * * LGN (27) (44) (12) (16) (10) (Fig. 3h) , loss of mInsc and Gnai3 alone or in combination does not alter early stratification, as measured by E15.5 spinous thickness. n indicates sections analysed from >4 animals per group. (g,h) Spinous differentiation (K10, white) in E17.5 head skin. Small but significant decreases in differentiation are observed in single mutants, whereas defects in mInsc; Gnai3 double mutants are comparable to LGN knockdowns. Note that loss of mInsc + LGN does not further enhance the LGN phenotype, consistent with LGN being epistatic to mInsc. n indicates sections analysed from >4 animals per genotype. Scale bars, 10 µm in a, 50 µm in g. Error bars: s.d. (f,h). P values: * P < 0.05, * * P < 0.01, * * * P < 0.0001, as determined by chi-square (b), Mann-Whitney test (c) or two-tailed Student's t-tests (f,h). Chi-square P values related to d,e are in Supplementary Table 1 . Further, we provide insights into mechanisms by which LGN is recruited to the apical cortex through the combined activity of Par3-mInsc and Gα i3 (Fig. 8) . Whereas knockdown of LGN leads primarily to planar divisions, loss of either Pard3, mInsc or Gnai3 alone results in a weaker phenotype with a high incidence of oblique divisions, mediated by errors in LGN polarization. Moreover, combined loss of both Gnai3 and mInsc recapitulates the more severe LGN phenotype, demonstrating that these pathways converge on LGN in epidermal oriented divisions, rather than on NuMA/Mud, as in Drosophila neuroblasts.
Unique and shared functions of mInsc, LGN and Par3 function in spindle orientation
Our findings on E12.5→E15.5 embryonic mammalian epidermis resemble those of E11 mammalian neurogenesis. Radial glia progenitor divisions transition from planar (symmetric) to oblique (asymmetric; refs 52,53). However, loss or gain of mInsc function has no apparent effect on radial glia division orientation at E11.5 (ref. 36) , as with epidermal basal cells before E15.5. That said, in radial glia, loss of mInsc at E14.5 reduces oblique divisions, whereas transgenic overexpression of mInsc-GFP promotes them. Thus, in both neural and epidermal progenitors, the function of mInsc is developmentally restricted, but in the former, it promotes oblique divisions but in the latter it suppresses them.
LGN, on the other hand, promotes planar neurogenic divisions in developing cortex and neural tube, and its loss increases oblique divisions 19, 20, 54 . These apparent discrepancies could be explained by differences in the subcellular localization of these proteins in different cell types. In neural progenitors, mInsc and LGN are thought to localize to exclusive domains-LGN laterally and mInsc apicallywhich could explain their opposing effects on division orientation 4, 55 . In epidermis, both are enriched apically, such that loss of either gene reduces perpendicular divisions. We propose that the ability of Gα i3 to partially recruit LGN apically probably accounts for why mInsc loss results in a less severe epidermal phenotype than LGN loss.
Recent structural studies of Insc-Pins(LGN) and PinsMud(NuMA)-Gαi-GDP complexes have revealed that LGN cannot bind Insc and NuMA simultaneously, and that Insc has a higher affinity for LGN than NuMA (refs [13] [14] [15] [16] . This favours a model whereby early in mitosis, Par3-mInsc and Gα i3 promote apical recruitment of LGN-facilitating its transfer to NuMA-and LGN-NuMA then acts to reorient the mitotic spindle, analogous to passing a baton. As LGN binds mInsc and NuMA through its N-terminal TPR repeats and Gα i -GDP through its C-terminal GoLoco motifs, it seems likely that these proteins can form a tripartite complex, although structural data are lacking because this complex has been refractory to crystallization 13 . Future work will be required to determine the mechanism by which NuMA displaces mInsc from the LGN complex, and whether Gα i facilitates this displacement by altering the interaction of LGN with NuMA.
Like mInsc, Par3 functions in promoting asymmetric cell fates and Notch signalling in cortical neuronal progenitors 31 . Whether Par3 does so by altering the plane of division of radial glia remains unknown. Thus, to our knowledge, ours is the first study to directly show that mammalian Par3 influences spindle orientation. A recent study in fly intestine reveals several interesting parallels to murine epidermis , and overexpression of active Notch can rescue differentiation defects caused by altered spindle orientation 17 . It is interesting to note, however, that epidermal knockout of Prkci, one of two mammalian atypical protein kinase C genes, seems to result in increased perpendicular, but not oblique divisions 57 . Although the protein encoded by Prkci, aPKCι/λ, localizes to the apical cortex, Par3 localization is unaffected by its loss, suggesting that the Par3-mInsc-LGN spindle orientation pathway remains intact in Prkci mutants. It will be interesting to see whether redundancy with the other mammalian aPKC homologue, Prkcz, or alternative spindle orientation pathways are at play here.
Spindle orientation and cell fate
Spindle orientation can influence binary cell fate choices 4, 58 . Indeed, we previously demonstrated a functional link between spindle orientation and epidermal cell fate acquisition by showing that LGN and NuMA promote perpendicular divisions, and when depleted, fewer suprabasal (differentiating) and more basal (self-renewing) cells are generated 17 . As we did not observe pronounced effects on differentiation in mInsc, Par3 or Gnai3 mutants, this suggests that many oblique divisions, like perpendicular ones, may be operationally asymmetric. Although Notch signalling lies downstream of ACDs in developing epidermis, as it does in many other systems 31, 56, 59, 60 , fate determinants that segregate asymmetrically between suprabasal and basal daughters have yet to be identified. It is possible that they may not exist, as loss of adhesion to basement membrane or to other cells may be sufficient to trigger differentiation, as demonstrated by our findings on delamination in early stratification. Clarification of these important questions must await elucidation of fate determinants and/or live imaging approaches in embryonic skin similar to those that have been recently reported for adult hair follicles 61 .
METHODS
Methods and any associated references are available in the online version of the paper. The procedure for producing, concentrating, and micro-injecting lentivirus into the amniotic fluid surrounding E9.5 embryos has been described previously 17, 27 . Keratinocytes were transduced at an MOI ≈1 using ∼25 µl of lentiviral supernatant collected in UltraCulture (Lonza) + 10% chelated FBS + 5 µg ml −1 Polybrene. Infections were typically performed in 6-well plates seeded with 150,000 keratinocytes, which were centrifuged at 1,100g for 30 min at 37 • C, then transferred to E low calcium medium 64 . Two days following infection, 1 µg ml −1 puromycin was added to generate stable cells lines. At 4 days following the addition of puromycin, cells were lysed and RNA isolated using the Absolutely RNA Microprep (Agilent). cDNA was generated from ∼10-100 ng of total RNA using Superscript VILO (Invitrogen). Levels of mRNA knockdown were quantified by RT-qPCR (Applied Biosystems 7500 Fast or 7900HT) using two independent primer sets for each target gene, and Hprt1 and cyclophilin B (Ppib2) as reference genes. cDNA from stable cell lines transduced with the non-targeting Scramble shRNA hairpin was used as a reference control. Primer efficiencies were calculated by dose-response curves and were required to be >1.8, and relative abundance was calculated using the CT method. RT-qPCR runs were performed in triplicate; mean knockdown values were determined by calculating the geometric mean of CT values for at least 2 runs (>6 samples). The following primer sequences were used: Pard3 17) . In our hands, this construct was found to have no detectable leakiness in the absence of tamoxifen both in vitro and in vivo. As a reporter for Cre activity, the R26R-confetti mouse 28 (Jax strain 017492, B6.129P2-Gt(ROSA)26Sor tm1(CAG−Brainbow2.1)Cle /J) was chosen, as Cre-mediated recombination at the locus results in constitutive expression of one of 4 different fluorophores. This allowed us to unambiguously discriminate neighbouring clones in rare instances where multiple labelled cells were found nearby. The fluorescent signal was detected using a polyclonal antibody against GFP, which recognizes 3 of the 4 fluorophore variants present in the confetti cassette: membrane-tethered Cerulean (mCFP), nuclear GFP (nGFP), and cytoplasmic YFP, which could then be discriminated on the basis of their subcellular localization. High-titre viruses containing the CreER T2 cassette were transduced into E9.5 embryos derived from a R26R-confetti homozygote male crossed with CD1 females. Clonal recombination was induced by administering a single dose of tamoxifen (50 µg g −1 of dam weight) by oral gavage, as intraperitoneal injection of tamoxifen at doses sufficient to induce recombination frequently led to aborted litters in our hands. Forty-eight hours following tamoxifen administration was empirically determined to be sufficient to allow most clones labelled to consist of 1-3 cells. Tamoxifen was administered at E13.5 to monitor early stratification, and at E14.5 for peak stratification. Although CreER T2 was delivered at the time when the epidermis was a single layer of basal cells, it will be expressed in all of their descendants owing to its ubiquitous PGK promoter. Thus, we did observe periderm clones at both ages, as well as granular layer cells. These were excluded from our counts because it is likely that these cells were already suprabasal at the time the labelling was initiated. Only cells present in the first spinous layer were counted as it is unlikely that they were already at a suprabasal position at the time of labelling given the rapid rate of differentiation at this age. Further, the epidermis in regions where clones were counted (head and upper back skin) is still largely a single layer of basal cells (plus periderm) at the ages (E13.5-E14.5) when tamoxifen was administered. Clones were imaged as z-stacks, with basal and suprabasal cells identified as K5 + and K14 + , respectively, and were scored independently by two observers, with ambiguous or discordant clones discarded. Clones were scored from 3 to 6 embryos, arising from 2 to 3 independent experiments at each age.
Constructs and
Antibodies, immunohistochemistry and imaging. Embryos were either embedded whole (<E16.5) or skinned and flat-mounted on Whatmann paper. For the latter, both head and back skin were collected and both control and knockdown skins were mounted together in single OCT (Tissue Tek) blocks to reduce potential variability due to differences in immunostaining conditions between slides. When whole embryos were used, control and knockdown embryos were collected on the same slide and stained together. Skin/embryos were embedded unfixed, sectioned at 8 µm on a Leica CM3050S or CM1950 cryostat and mounted on SuperFrost Plus slides (Fisher Scientific). Sections were fixed for 10 min at room temperature in 4% EM grade paraformaldehyde (Electron Microscopy Sciences), rinsed several times with PBS, and blocked for 1 h in PBS + 5% normal donkey serum (NDS) + 1-3% BSA + 0.2% Triton-X 100 (with or without 8% gelatin). Primary antibodies were diluted in block and incubated at 4 • C overnight. After rinsing with PBS, secondary antibodies were added for 2 h at room temperature, rinsed with PBS, stained 5 min with DAPI, and then mounted in ProLong Gold antifade mounting medium (Invitrogen). Primary antibodies used: monoclonal rabbit anti-survivin clone 71G4B7 (Cell Signaling 2808S, 1:1,000), chicken anti-GFP (Abcam ab13970, 1:5,000), affinity-purified GP anti-LGN (Fuchs laboratory 17 , 1:500), rabbit anti-LGN (Fuchs laboratory, licensed to EMD Millipore ABT174, 1:2,000), Rb anti-Gα i3 (EMD Millipore 371726), GP anti-K5 (Fuchs laboratory, 1:200), rabbit anti-K10 (Covance PRB-159P, 1:1,000), rabbit anti-K1 (Fuchs laboratory, 1:1,000), GP anti-K14 (Acris BP5009, 1:500), rabbit anti-phospho histone H3 (Cell Signaling 3377P, or Upstate/Millipore 06-570, 1:1,000), rabbit anti-Par3 (Upstate/EMD Millipore 07-330, 1:500). The Par3 antibody used detected all three major isoforms (relative molecular masses of 100,000, 150,000 and 180,000) by western blot analysis.
Images were acquired using either a Zeiss AxioPlan 2 wide-field epifluorescent microscope with an EXFO/Lumen Dynamics X-Cite metal halide lamp and ×20/0.8 air and ×100/1.4-0.7 oil Plan-Apochromat objectives, or a Leica TCS SPE-II 4 laser confocal system on a DM5500 upright scope with ACS Apochromat ×20/0.60 multiimmersion, ACS Apochromat ×40/1.15 oil ACS Apochromat ×63/1.30 oil, and HCX PlanApo ×100/1.40-0.70 oil objectives.
Measurements, quantification, graphing and statistics. Measurements of LGN orientation angle and division angle were performed using MetaMorph or Fiji (ImageJ), as previously described 17 . Early stage mitotic cells were identified using pHH3 and/or condensed chromatin as markers, whereas late stage mitotic cells were identified using the spindle midbody/cleavage furrow marker survivin. In cases where LGN localization was quantified, mitotic cells were first identified by DAPI and pHH3, then scored for LGN (whether LGN+ or LGN−). In this way, images were collected blind to the LGN expression state. To reduce variability in all immunostaining protocols, particularly where discriminations had to be made between expression levels or states (for example, LGN present or absent), head or back skins from the entire litter/cohort were embedded in single OCT blocks so that they could be sectioned and stained together. For younger embryos (for example, E15.5) where it is difficult to remove the skin, whole embryos were embedded. In this case, 2-3 embryos of different genotypes were mounted and stained on the same slide, again to reduce variability. Where representative images were selected from quantified data sets, they were chosen to most closely match the mean for the data set (for example, Figs 3f,g, 7g,h and Supplementary Fig. 2a,b) . In addition, as mentioned above, immunostaining protocols were controlled within cohorts, were repeated at least twice, and exposure and contrast settings were kept constant for comparable images in a figure panel.
The method for measurement of division angles has been described previously 17 . Briefly, late-stage mitotic cells were identified by the presence of survivin immunoreactivity at the midbody/cleavage furrow. Cells were scored only if both daughter nuclei surrounding the survivin staining could be unambiguously identified. Angles were measured by drawing a line through the centres of the two nuclei, and parallel to the basement membrane. In mInsc; K14::Cre cKOs and littermates, images were captured and measurements were quantified blind to genotype. As it was not possible to be blinded to genotype in cases when RFP expression marked knockdown/knockout cells, in these instances mitotic cells were identified first by survivin staining, and imaged blind to whether they were RFP + or RFP − . In this way, RFP − internal controls served as a blinded control in lentiviraltransduced tissue. To reduce any bias in data collection, all data from each group were not analysed until all images were collected. n values are indicated in each radial histogram and indicate the number of cells analysed; each experiment was repeated with at least two independent injections/litters, and data from at least 3 embryos (typically 5 or more) were collected. No statistical method was used to predetermine sample size, but data were collected from all available embryos of the indicated genotypes (no samples were excluded unless, for example, lentiviral transduction efficiency was very low). Similar procedures were implemented for quantification of LGN/apical marker expression.
Radial histograms were generated using Origin 9.0 software from data binned into 10 • increments from 0 to 90 • using GraphPad Prism 5. All other graphs and statistical analyses (Mann-Whitney, Student's t-tests and chi-square tests) were produced using Prism. The appropriate statistical test was determined with consideration for whether the data fit a normal distribution or not. For example, a bimodal distribution of division angles does not, so in this case we categorized division angles into perpendicular (70-90 • ), oblique (20-70 • ) and planar (0-20 • ), and compared data sets by chi-square tests. All categorical data were also analysed by chi-square tests (for example, Figs 1c, 4b, 5f, 6a and 7c). When comparing distributions of division angles for different ages throughout development (Fig. 1f) , a Mann-Whitney test was used because the data sets compared consisted of both normal and non-normal distributions, and the Mann-Whitney test is more robust than Student's t-test in this setting. Similarly, for comparison of distributions of LGN crescent orientation, a Mann-Whitney test was also used because the data do not fit a normal distribution. For Tukey box-and-whisker plots, the dimensions of the box represent the 25th-75th percentile, the horizontal bar represents the median, the '+' represents the mean, and the whiskers represent 1.5× the interquartile difference. Spinous thickness using the marker K10 was measured using Metamorph or Fiji as previously described 17 . 
